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Abstract: Protein ingestion following resistance-type exercise stimulates muscle protein synthesis
rates, and enhances the skeletal muscle adaptive response to prolonged resistance-type exercise
training. As the adaptive response to a single bout of resistance exercise extends well beyond
the first couple of hours of post-exercise recovery, recent studies have begun to investigate the
impact of the timing and distribution of protein ingestion during more prolonged recovery periods.
Recent work has shown that overnight muscle protein synthesis rates are restricted by the level of
amino acid availability. Protein ingested prior to sleep is effectively digested and absorbed, and
thereby stimulates muscle protein synthesis rates during overnight recovery. When applied during
a prolonged period of resistance-type exercise training, protein supplementation prior to sleep can
further augment gains in muscle mass and strength. Recent studies investigating the impact of
pre-sleep protein ingestion suggest that at least 40 g of protein is required to display a robust increase
in muscle protein synthesis rates throughout overnight sleep. Furthermore, prior exercise allows
more of the pre-sleep protein-derived amino acids to be utilized for de novo muscle protein synthesis
during sleep. In short, pre-sleep protein ingestion represents an effective dietary strategy to improve
overnight muscle protein synthesis, thereby improving the skeletal muscle adaptive response to
exercise training.
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1. Introduction
A single session of exercise stimulates muscle protein synthesis rates, and to a lesser extent,
muscle protein breakdown rates [1,2]. However, the muscle protein net balance will remain negative
in the absence of food intake [2]. Protein ingestion stimulates muscle protein synthesis and inhibits
muscle protein breakdown rates, resulting in net muscle protein accretion during the acute stages of
post-exercise recovery [3]. Therefore, post-exercise protein ingestion is widely applied as a strategy
to augment post-exercise muscle protein synthesis rates and, as such, to facilitate the skeletal muscle
adaptive response to exercise training. Various factors have been identified which can modulate the
post-exercise muscle protein synthetic response to exercise including the amount [4,5], type [6,7],
timing [8], and distribution [9] of protein ingestion.
Only few studies have investigated the dose-response relationship between protein ingestion and
post-exercise muscle protein synthesis rates in young [4,5] and older adults [10–12]. Ingestion of 20 g
egg or whey protein has been shown sufficient to maximize muscle protein synthesis rates during
recovery from lower-body resistance-type exercise in young males [4,5]. More recent evidence indicates
that this dose-response relationship may depend on the amount of muscle tissue that was recruited
during exercise, with the ingestion of 40 g protein further increasing muscle protein synthesis rates
during recovery from whole-body resistance-type exercise [13].
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A large variety of dietary protein sources have been shown to stimulate post-exercise muscle
protein synthesis rates, including egg protein [4], whey and casein protein [14], milk and beef
protein [15], and soy protein [6]. However, dietary protein sources can differ in their capacity to
stimulate muscle protein synthesis rates, which appears to be largely dependent on differences in
protein digestion and absorption kinetics [14,16] and amino acid composition [6,17], with the leucine
content being of particular relevance [18,19].
Besides the amount and type of ingested protein, the timing and distribution of protein ingestion
throughout the day can modulate post-exercise muscle protein synthesis rates. An even distribution
of total protein intake over the three main meals stimulates 24 h muscle protein synthesis rates more
effectively than an unbalanced distribution in which the majority (>60%) of total daily protein intake is
consumed at the evening meal [20]. During 12 h of post-exercise recovery, an intermediate pattern of
protein ingestion (20 g every 3 h) seems to increase muscle protein synthesis rates to a greater extent
than the same amount of protein provided in less frequent but larger amounts (40 g every 6 h), or in
more frequent, smaller amounts (10 g every 6 h) [9]. Therefore, an effective pattern of daily protein
intake distribution to support muscle protein synthesis is to provide at least 20 g of protein with each
main meal with no more than 4–5 h between meals.
As overnight sleep is typically the longest post-absorptive period during the day, we have
recently introduced the concept of protein ingestion prior to sleep as a means to augment post-exercise
overnight muscle protein synthesis. The aim of this review is to discuss the current state of evidence
regarding the efficacy of pre-sleep protein ingestion to stimulate overnight muscle reconditioning.
2. Overnight Protein Metabolism
In general, most studies assess the effects of food intake on the muscle protein synthetic response
to exercise performed in an overnight fasted state. Such post-absorptive conditions differ from normal
everyday practice in which recreational sports activities are often performed in the late afternoon
or evening after a full day of habitual physical activity and food intake. Therefore, we evaluated
the impact of exercise performed in a fed state in the evening and the efficacy of protein ingestion
immediately after exercise on muscle protein synthesis during prolonged overnight recovery [21].
The ingestion of 20–25 g of protein during exercise increased muscle protein synthesis rates during
exercise, but we observed no increase in muscle protein synthesis rates during the prolonged overnight
recovery period. Muscle protein synthesis rates during overnight sleep were unexpectedly low, with
values being even lower than those typically observed in the in the morning following an overnight
fast. Thus, a day of habitual food intake and the ingestion of 20–25 g of protein during and/or
immediately after an exercise bout performed in the evening does not suffice to augment overnight
muscle protein reconditioning.
3. Does the Gut Function at Night?
As overnight muscle protein synthesis rates are surprisingly low [21], we questioned whether
they are limited by overnight plasma amino acid availability. Therefore, we hypothesized that
protein provision during sleep increases overnight plasma amino acid availability and stimulates
overnight muscle protein synthesis rates. As human intestinal motility follows a circadian rhythm
with reduced activity during the night [22], we first assessed whether dietary protein provision during
sleep leads to proper dietary protein digestion and amino acid absorption. In a proof-of-principle
study, we first administrated specifically produced intrinsically L-[1-13C]-phenylalanine-labeled casein
protein via a nasogastric tube while subjects were asleep and assessed the subsequent protein digestion
and absorption kinetics [23]. We observed that administration of 40 g casein via a nasogastric tube
during overnight sleep is followed by proper dietary protein digestion and absorption kinetics, thereby
increasing overnight plasma amino acid availability and increasing muscle protein synthesis rates.
Clearly, these data demonstrated that the gut functions properly at night and that protein provided
during sleep strongly increases overnight muscle protein synthesis rates.
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4. Pre-Sleep Protein Feeding as a Strategy to Increase Overnight Muscle Protein Synthesis
Our observation that protein administered during sleep is effectively digested and absorbed
provided proof-of-principle that the gut functions properly during sleep [23]. However, nasogastric
tube feeding does not represent a feasible feeding strategy for athletes. Therefore, our next step was to
assess if protein ingestion prior to sleep would represent an effective dietary strategy to increase muscle
protein synthesis rates during overnight post-exercise recovery [24]. Therefore, we studied recreational
athletes during overnight recovery from a single bout of resistance-type exercise performed in the
evening after a full day of dietary standardization. Immediately after exercise, all athletes ingested
a recovery drink containing 20 g protein to maximize muscle protein synthesis rates during the acute
stages of post-exercise recovery [4,24]. As explained above, this prescribed recovery strategy does not
suffice to maintain elevated muscle protein synthesis rates during more prolonged overnight sleep [21].
Therefore, we provided subjects with either 40 g casein protein or a placebo drink immediately prior to
sleep. In line with intragastric protein administration during sleep [23], the bolus of protein ingested
prior to sleep was properly digested and absorbed throughout overnight sleep. The greater plasma
amino acid availability following pre-sleep protein ingestion improved the overnight whole-body
protein balance, allowing the net protein balance to become positive. In line, muscle protein synthesis
rates were approximately 22% higher during overnight recovery when protein was ingested prior to
sleep when compared to the placebo treatment. From these data we concluded that pre-sleep protein
ingestion represents an effective dietary strategy to further augment the skeletal muscle adaptive
response to resistance-type exercise training (Figure 1).
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protein breakdown (MPB) throughout the day. Protein ingestion stimulates MPS rates and allows for 
net muscle protein accretion (green areas). During post‐absorptive conditions, MPB rates exceed MPS 
rates,  resulting  in  a  net  loss  of muscle  protein  (red  areas). Overnight  sleep  is  the  longest  post‐
absorptive period of  the day  (A). Pre‐sleep protein  ingestion  stimulates overnight muscle protein 
synthesis rates (B), thereby improving muscle reconditioning during overnight sleep.   
Figure 1. Schematic representation of the process of muscle protein synthesis (MPS) and muscle protein
breakdown (MPB) throughout the day. Protein ingestion stimulates MPS rates and allows for net
muscle protein accretion (green areas). During post-absorptive conditions, MPB rates exceed MPS rates,
resulting in a net loss of muscle protein (red areas). Overnight sleep is the longest post-absorptive
period of the day (A). Pre-sleep protein ingestion stimulates overnight muscle protein synthesis rates
(B), thereby improving muscle reconditioning during overnight sleep.
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To test this hypothesis, we assessed the impact of pre-sleep protein feeding to facilitate the skeletal
muscle adaptive response to prolonged resistance-type exercise training [25]. Specifically, we selected
healthy young men to participate in a 12-week resistance-type exercise training program (three exercise
sessions per week) during which they ingested either 27.5 g of protein prior to sleep, or a non-caloric
placebo. Muscle mass and strength increased to a greater extent in the group that ingested protein
prior to sleep. These results indicate that protein supplementation prior to sleep represents an effective
dietary strategy to augment the gains in muscle mass and strength during resistance-type exercise
training. It remains to be established what dose and type of pre-sleep protein should be used to further
optimize overnight muscle protein synthesis rates and, as such, can support greater gains in muscle
mass and strength.
It should be noted that the ingestion of the pre-sleep protein supplement in both our acute
and long-term studies was compared with a non-protein placebo, and not compared with protein
supplementation provided at other time points. Therefore, we can only speculate on the surplus
benefits of pre-sleep protein provision when compared to other time points. It can be speculated that
the greater gains in muscle mass and strength are, at least partly, attributed to the pre-sleep timing
of the protein supplement, as the vast majority of studies in which protein has been supplemented
immediately before and/or after exercise do not show an increase in muscle mass gains when compared
to a placebo [26]. However, it has been suggested that protein supplementation increases muscle mass
gains mainly as a function of increased total protein intake, rather than the specific timing of a protein
supplement [27,28]. As a meta-analysis was required to demonstrate that additional protein intake
augments training-induced muscle hypertrophy [26], it seems unlikely that a possible positive effect of
protein timing (i.e., protein supplementation at a time point compared to protein supplementation at
different time point) on muscle mass gains can be detected in a longitudinal study. While it is currently
unclear whether pre-sleep protein ingestion is superior to protein ingestion at a different time point,
we propose that a more relevant question is whether pre-sleep protein ingestion is additive to protein
intake earlier in the day. We suggest that athletes should aim to ingest sufficient protein intake at
every meal to maximize muscle protein synthesis until the next meal. We have recently shown that the
ingestion of large amounts of protein in the early post-exercise recovery phase does not compromise
the muscle protein synthetic response to protein ingestion at a later stage [29]. This suggests that
every meal moment represents a unique opportunity to stimulate muscle protein synthesis and that
the muscle protein synthetic response to each meal may be additive. In addition, we have recently
shown that athletes typically consume well above 1.2 g protein/kg/day, with the majority of protein
consumed during the three main meals, and only a small amount of protein eaten as an evening snack
(~7 g) [30]. As such, additional pre-sleep protein ingestion represents a practical strategy to increase
the total daily protein intake, add another meal moment, and increase the overnight muscle protein
synthesis rates; this effect is likely additive to muscle protein synthesis rates observed throughout
the day.
5. Pre-Sleep Protein Feeding Characteristics
While we have identified the overnight sleeping period as a new window of opportunity to
augment post-exercise training adaptations, it remains to be established how we can maximize the
impact of pre-sleep protein feeding on overnight muscle protein synthesis rates. Previously we have
shown that the ingestion of 40 g protein prior to sleep stimulates overnight muscle protein rates [24],
which is considerably more than the 20 g of protein that is supposed to maximize muscle protein
synthesis rates during the first few hours of post-exercise recovery [4,5]. Therefore, we questioned if
a more moderate amount of protein would suffice to augment overnight muscle protein synthesis rates.
To address this issue, we performed a follow-up study similar in design to our previous pre-sleep
protein work, with the main difference that we provided 30 g of highly enriched intrinsically labeled
protein prior to sleep, with or without an additional 2 g of free leucine. In contrast to our previous
findings with 40 g protein, the ingestion of 30 g protein prior to sleep did not significantly increase
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overnight muscle protein synthesis rates (preliminary observations). This suggests that a pre-sleep
protein dose-response relationship exists, which differs from the immediate post-exercise recovery
period during which the ingestion of merely 20 g protein seems to maximize post-exercise muscle
protein synthesis rates in young adults.
The ingestion of highly enriched, intrinsically L-[1-13C]-phenylalanine-labeled protein allowed
us to also directly assess the metabolic fate of the pre-sleep dietary protein-derived amino acids.
Pre-sleep protein-derived L-[1-13C]-phenylalanine was incorporated in de novo muscle protein as
evidenced by the increase in muscle protein–bound L-[1-13C]-phenylalanine following overnight
recovery, demonstrating that the pre-sleep protein provided amino acids as precursors for de novo
myofibrillar protein accretion during overnight sleep. This provides mechanistic evidence to support
our observation that the ingestion of 30 g protein prior to sleep augments muscle mass during three
months of resistance-type exercise training [25]. However, our data suggest that at least 40 g of
pre-sleep protein is required to induce a more substantial, detectable increase in muscle protein
synthesis rates when assessed acutely over a 7.5 h overnight period.
As we anticipated that 30 g of pre-sleep protein might not be sufficient to adequately increase
overnight muscle protein synthesis rates, we included a third treatment in which 2 g crystalline leucine
was added to the 30 g bolus of protein. The addition of supplemental free leucine to a suboptimal
amount of protein has been shown to enhance post-exercise muscle protein synthesis rates [18,19,31,32].
Despite these previous observations, co-ingesting free leucine with 30 g of casein prior to sleep did
not augment the overnight muscle protein synthetic response. Given the extended duration of
overnight sleep compared to a typical postprandial period (8 vs. 4–5 h), it is tempting to speculate
that larger amounts of protein (≥40 g) are required to maximize muscle protein synthesis rates during
overnight sleep.
6. Prior Exercise
It has been well established that the muscle protein synthetic response to protein ingestion is
enhanced following exercise when exercise is performed in the morning following an overnight
fast [12,33]. Recently, we evaluated the effect of resistance-type exercise performed in the evening
on the muscle protein synthetic response to pre-sleep protein ingestion [34]. Postprandial overnight
muscle protein synthesis rates were higher when exercise had been performed earlier that evening and
more of the ingested protein-derived amino acids were directed towards de novo myofibrillar protein
synthesis during overnight sleep. Therefore, protein ingestion prior to sleep represents an effective
strategy to enhance overnight muscle reconditioning and is likely of even more relevance on exercise
training days. In line, we have shown that physical activity performed in the evening increases the
overnight muscle protein synthetic response to pre-sleep protein ingestion in older adults [35]. Clearly,
combing pre-sleep protein ingestion with resistance-type exercise represents a more effective strategy
to further enhance overnight skeletal muscle protein synthesis rates and increases the efficiency by
which dietary protein is used for muscle protein accretion (Figure 2).
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7. Type of Pre-Sleep Protein
As protein sources differ in their capacity to stimulate muscle protein synthesis, the type of protein
ingested prior to sleep may modulate the overnight muscle protein synthetic response. So far, all studies
assessing the efficacy of pre-sleep protein ingestion on exercise reconditioning have provided casein
protein. Casein is a more slowly digestible protein source, allowing a more moderate but prolonged
rise in plasma amino acid concentrations [17]. Given the extended nature of overnight sleep, it could be
speculated that such a more sustained postprandial aminoacidemia during overnight sleep is preferred
as it will provide precursors to support muscle protein synthesis rates throughout the entire night.
In contrast, whey protein is a more rapidly digestible protein, resulting in a pronounced but transient
rise in plasma amino acid concentrations [17]. Ingestion of a single bolus of whey protein has been
shown to stimulate muscle protein synthesis rates to a greater degree than casein protein when assessed
over periods up to 6 h [6,17,36]. This has been attributed to the more rapid protein digestion and amino
acid absorption kinetics as well as the higher leucine content in whey versus casein protein, resulting
in a more rapid rise in postprandial plasma leucine concentrations [37]. It remains to be established if
whey is superior to casein protein when ingested prior to sleep and muscle protein synthesis rates are
assessed over a more prolonged overnight period of 7.5 h. The plasma levels of leucine do not seem to
be the only factor in this regard, as we recently did not observe any differences in overnight muscle
protein synthesis rates following the ingestion of 30 g casein with or without 2 g crystalline leucine
(preliminary observations). Snijders et al. [25] provided a casein protein supplement that consisted of
50% micellar casein and 50% casein hydrolysate. When casein protein is hydrolyzed, its digestion and
absorption properties resemble a more rapid digestible protein [38]. Therefore, pre-sleep ingestion
of a mixture of a slow and more rapidly digestible protein source appears to be effective to augment
muscle mass and strength gains during a prolonged resistance-type exercise program. We speculate
that a variety of high-quality animal-based protein sources can augment overnight muscle protein
synthesis rates when provided in sufficient amounts (≥40 g; Table 1), with relatively minor differences
in efficacy between sources.
Table 1. Quantity of protein sources to provide 40 g pre-sleep protein.
Food Item Quantity
Cooked eggs 7 eggs
Low fat milk 5 cups (1025 mL)
Low fat yogurt 5 cups (1176 mL)
Chicken breast 2 breasts (176 g)
Steak 2 steaks (168 g)
Protein concentrate in water 3 scoops (60 g)
Protein concentrate in low-fat milk 2 scoops in 300 mL
8. Applications
Overnight sleep has emerged as a novel window of opportunity to modulate muscle protein
metabolism. Pre-sleep protein ingestion represents an effective dietary strategy to stimulate both the
acute and long-term skeletal muscle adaptive response to resistance-type exercise training [24,25].
There are numerous other potential applications of protein ingestion prior to sleep. Protein ingestion
prior to sleep may also enhance exercise training adaptations to other exercise modalities. However,
research on the impact of protein supplementation on other modes of exercise such as concurrent
training [39] or endurance-type exercise training [40] is surprisingly scarce. While protein ingested
immediately after endurance-type exercise does not appear to further augment mitochondrial protein
synthesis rates [40], amino acid administration at rest stimulates mitochondrial protein synthesis
rates [41]. It remains to be established if pre-sleep protein can augment the adaptive response to
endurance-type exercise training with greater increases in skeletal muscle oxidative capacity, vascular
density and/or endurance performance capacity.
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Protein administration during sleep has been shown to stimulate overnight muscle protein
synthesis rates in older adults [23]. Consequently, pre-sleep protein feeding may also represent an
effective interventional strategy to support muscle mass maintenance in the older population or
possibly even in patients in more clinically compromised conditions characterized by accelerated
muscle loss such as acute sickness, systematic inflammation, and muscle disuse [42,43].
9. Conclusions
Muscle protein synthesis rates are particularly low during sleep, even when 20 g protein is
ingested immediately after exercise performed in the evening. Protein ingested immediately prior to
sleep is effectively digested and absorbed, thereby increasing amino acid availability during overnight
sleep. Greater amino acid availability during sleep stimulates muscle protein synthesis rates and
improves whole-body protein net balance during overnight recovery. At least 40 g of dietary protein
should be ingested prior to sleep to elicit a robust stimulation of muscle protein synthesis rates
throughout the night. Resistance-type exercise performed during the day augments the overnight
muscle protein synthetic response to pre-sleep protein ingestion and allows more of the protein-derived
amino acids to be used as precursors for de novo muscle protein synthesis. When applied during
prolonged resistance-type exercise, pre-sleep protein supplementation can be used effectively to further
increase gains in muscle mass and strength.
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